Despite decades of regulatory efforts in the United States to decrease vulnerability in developed coastal zones, exposure of residential assets to hurricane damage is increasing -even in places where hurricanes have struck before. Comparing plan-view footprints of individual residential buildings before and long after major hurricane strikes, we find a systematic pattern of 'building back bigger' among renovated and new properties.
1
. In coastal counties around the United States, policies intended to mitigate coastal risk are competing with population growth and development pressures [1] [2] [3] [4] [5] that render places more vulnerable and less resilient to major storm events.
Research into the repercussions of hurricane impacts has examined regional-and local-scale socioeconomics and demographics [6] [7] [8] , housing stock and types 8, 9 , planning and design requirements (and exemptions from them) [10] [11] [12] [13] , tax and insurance policies 3 , and realestate market recovery 14 . However, one indicator of increasing vulnerability in hurricane zones is especially problematic: residential footprints are growing even in places with legacies of past impacts, including a systematic pattern of building back bigger among renovated and new properties.
Here we investigate broad development trends in hurricane alleys. We measure changes over 5-14 years in residential-building footprints at five locations on the US Atlantic and Gulf Coasts that have been struck by one or more hurricanes since 2003 (Fig. 1) . Each location occupies a developed coastal barrier in a different state, is characterized primarily by single-family residential buildings, and is demarcated in Federal Emergency Management Agency (FEMA) flood-risk maps as a special flood-hazard area. Collectively, the locations have weathered six different hurricane systems between 2003 and 2012, and have sustained damage from multiple types of impacts (for example, wind, storm surges and waves). Each location has also had multiple years (five or more) over which residential recovery could occur. Using satellite imagery captured before the last major hurricane event (or events) at each location and again in 2017 (the most recent year of coverage available at all five locations, which was collected prior to the 2017 hurricane season), we digitized the plan-view footprints of individual residential buildings in the pre-storm and 2017 imagery and compared their respective areas.
The resulting statistical distributions of footprint size yielded the same pattern at all five locations: since the last major hurricane, larger residential buildings have tended to replace smaller ones (Fig. 2a-e) . Among buildings for which the footprints changed ( Fig. 2f-j) , the mean footprint size increased between 19% (Hatteras) and 49% (Santa Rosa Island). Mean footprints of new buildings (which were absent from the pre-storm images but are present in 2017) exceed overall pre-storm mean footprints by 14% (Mantoloking) to 55% (Santa Rosa Island). Although the total footprint area decreases at Mantoloking (− 4%), Dauphin Island (− 4%), and Bolivar (− 14%), the mean size of the overall building footprints (Fig. 2f-j) increases at all five locations by 10% (Mantoloking) to 35% (Bolivar).
Hypothetically, the total footprint area could decrease and the mean footprint size increase with preferential destruction or removal of small buildings, without otherwise altering the footprints of existing buildings. We test for this effect by comparing the mean pre-storm footprint of 'surviving' buildings-those present in both images-with the mean pre-storm footprint overall. The only significant difference we find is at Bolivar (Supplementary Table 2 ), where smaller houses were disproportionately affected. However, the preferential loss of smaller footprints only accounts for a 9% increase in mean footprint size, which suggests that the remaining around 26% increase that we calculate from 2017 imagery derives from renovated and new buildings. Pre-storm and 2017 distributions of altered footprints ( Fig. 2f-j) , and of footprints overall (insets), are statistically different at all five locations (Supplementary Table 2 ). Distributions of new footprints are statistically different from overall pre-storm distributions everywhere, except at Mantoloking, where only nine new houses appear between 2010 and 2017. By spanning the longest period possible since the last major hurricane event at a given location, our analysis accommodates both rapid and slow paces of residential recovery. Within those extended timeframes, buildings might be renovated, relocated or removed for reasons unrelated to a specific hurricane. Our method of comparing building footprints does not reveal information about the cause or extent of storm damages, or about building characteristics such as age, ground-floor elevation or structural enhancements. However, post-hurricane assessments have demonstrated wide variation in relationships between building characteristics and hurricane damage-even among individual properties at the same location subjected to the same hurricane 8, 9 . Our analysis shows that residential footprints collectively exhibit a systemic pattern of growth in hurricane zones.
Nationally, US houses are getting larger: between 2002 and 2016 (within the longest span in our analysis), the mean size of new single-family houses increased 14-16% (Supplementary Table 3 ). However, the size trends that we find (Fig. 2 ) not only reflect greater increases ( Supplementary Fig. 1, Supplementary Table 3 and Supplementary Methods), but also occur despite policy measures intended to prevent them. As of 2007, an estimated 16% of coastal barrier land designated under the Coastal Barrier Resources Act (1982) and Coastal Barrier Reauthorization Act (2000) 'experienced development in spite of the federal funding restrictions, encouraged by strong real-estate market pressures, the availability of private insurance, and state and local land-use policies that promote floodplain development' 2 . Parcel-scale studies of policy effects in high-risk zones indicate that even places with progressive land-use plans can have idiosyncratic development patterns that typically stem from local differences that circumvent newer planning rules 11 . Practices of assessment, appraisal, compliance and enforcement hinge on local and individual discretion and interpretation [10] [11] [12] . The development pattern that we show across the locations in Fig. 1 surely arose from a number of mechanisms 3, 5, [7] [8] [9] [10] [11] [12] [13] [14] . However, the aggregate effect of those mechanismsincluding the tendency to build back bigger in hurricane corridors and demarcated coastal flood-risk zones-appears insensitive to their particulars.
By demonstrating an emergent pattern of increased exposure in high-risk coastal development, we intend for our analysis to complement local case studies of land-use policy effects and hazard-mitigation strategies. Related build-destroy-rebuild patterns 10, 15, 16 appear in a variety of other hazard settings 17, 18 , with critical implications for future management and policy actions 2, 19 . Comparative research across different hazard types (for example, earthquakes, wildfires and tornadoes) [17] [18] [19] and longitudinal studies that quantify changes to built environments 7 in vulnerable areas not limited to the United States 20 will help the wider sustainability-science research community to identify, understand and address the economic and policy forces that shape decisionmaking and risk evolution in places where climate-related hazards are intensifying.
Methods
Building footprints. We use publicly available imagery of requisite resolution and an appropriate capture date, spanning a full timeframe from before the last major hurricane strike at each location up to the most recent available imagery (2017). Pre-storm and 2017 imagery for Mantoloking, Santa Rosa Island, Dauphin Island and the Bolivar peninsula was obtained from Google Earth. Pre-storm imagery (2002) for Hatteras Village and Frisco (combined as 'Hatteras') was obtained from the NC OneMap GeoSpatial Portal (http:// data.nconemap.gov/geoportal/catalog/raster/download.page). FEMA Flood Risk Zone designations are available through the agency's Map Service Center (https://msc.fema.gov/portal/).
Building footprints were digitized manually and their areas were calculated using GIS software. We digitized the roofed footprint of every residential building in the first three rows from the 'ocean-side' shorefront. At Mantoloking, north-south town boundaries set the sampling space. At Santa Rosa Island, we sampled the reach of coastline between the causeways at Pensacola Beach and Navarre Beach (west and east boundaries, respectively). At Hatteras and Frisco, Dauphin Island, and the Bolivar Peninsula (immediately northeast of Galveston), we sampled the full alongshore extents. These data (pre-storm and 2017 combined, approximately 4,800 footprints) therefore represent a large sample or all of the single-family residential buildings at each location. Footprints were matched between images using a spatial join, then reviewed manually. Given inherent variability in pre-storm image quality (resolution or image tilt), we use a compensatory envelope of ± 15%, which assumes that the footprint of a building in 2017 must change more than ± 15% to be distinguishable from potential measurement error. This envelope is nearly four to five times greater than the approximately 3-4% error variance that is attributable to our manual digitization process and is therefore a conservative measure.
Summary magnitudes of change in footprint area do not correlate with elapsed time between images, nor do they indicate a geographical control (that is, Atlantic versus Gulf Coast). Although we did not control for building characteristics (or demographics), we applied the same method to five distinct locations (each with around 10-30 km of shoreline extent) and found the same pattern everywhere, suggesting that contextual biases in any one sample are not strong enough to skew the aggregated findings.
In the Supplementary Methods, we further discuss our locations and compare a subset of our measured footprints to total living area reported in tax records ( Supplementary Fig. 1 and Supplementary Table 3 ).
Statistical analysis.
To quantitatively distinguish between pre-storm and 2017 distributions of building size (Fig. 2f-j and insets) , we used a two-sample Kolmogorov-Smirnov test with the null hypothesis that the two distributions could have come from the same continuous distribution. (A Kolmogorov-Smirnov test is applicable to non-parametric data.) We tested to the two-tailed α = 5% significance level; the asymptotic P value is the probability of observing an equal or greater test statistic. Because some of the distributions are only weakly nonparametric, we also used a paired Student's t-test (for normal distributions), which showed the same results. Sample sizes (n) and values for significant and nonsignificant Kolmogorov-Smirnov tests and paired Student's t-tests are shown in Supplementary 
